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Aiming to probe incomplete fusion dynamics in 16O + 169Tm system, spin-distributions of various
reaction products populated via xn-, α/2αxn-channels have been measured at E ≈ 5.6 MeV/nucleon.
Prompt γ -rays in coincidence with fast charged particles (Z = 1,2) have been recorded to achieve
the information about involved reaction processes on the basis of their experimentally observed spin-
populations during de-excitation. The experimentally observed spin-distributions for direct-α-emitting
channels (associated with incomplete fusion) have been found to be distinctly different than that
observed for fusion–evaporation (complete fusion) channels. The mean value of driving input angular
momenta associated with various direct-α/2αxn-channels have been found to be higher than that
observed for fusion–evaporation xn/αxn-channels, and increases with direct-α-multiplicity in forward
cone. Experimentally measured, normalized production yields of fusion–evaporation xn/αxn-channels
have been found to be in good agreement with the predictions of theoretical model code PACE4. Further,
in order to understand the feeding probability in both complete and incomplete fusion reaction products,
an attempt has been made to generate feeding intensity proﬁles from spin-distribution data. It has been
observed that the complete fusion products are strongly fed over a broad spin range, while incomplete
fusion products are found to be less fed and/or the population of lower spin states are strongly hindered.
© 2008 Elsevier B.V. Open access under CC BY license.Production of fast projectile-like fragments (PLFs) associated
with incomplete fusion (ICF) dynamics is a topic of resurgent
interest at energies near and/or above the fusion barrier (B fus)
[1–9], where only complete fusion (CF) is expected to be domi-
nant [10–15]. The production of fast PLFs in ICF dynamics has been
ﬁrst investigated by Britt and Quinton in their pioneering measure-
ments [16]. Later, the similar studies were carried out by Galin et
al. [17]. Semi-classically, heavy ion (HI) induced CF and ICF pro-
cesses can be disentangled on the basis of driving input angular
momenta () imparted in the system due to various interaction
trajectories [18–23]. The probability of CF corresponds to the sum-
mation of all -values from  = 0 to a limiting value  = crit,
which is expected to be maximum at  = crit and assumed to be
zero for  > crit (as per the sharp cut-off approximation) [24–27].
In case of CF, the attractive nuclear potential overwhelms the sum
of repulsive Coulomb and centrifugal potentials in central and/or
near central (small values of impact parameters) collisions. Con-
sequently, the target nucleus hugs the entire projectile involving
* Corresponding author. Tel.: +91 941 2133929, fax: +91 571 2701001.
E-mail addresses: pushpendrapsingh@gmail.com (P.P. Singh),
bpsinghamu@gmail.com (B.P. Singh), ranjan@iuac.ernet.in (R.K. Bhowmik).0370-2693 © 2008 Elsevier B.V.
doi:10.1016/j.physletb.2008.11.035
Open access under CC BY license.all nucleonic degrees of freedom leading to the formation of fully
equilibrated compound nucleus (CN). While, at relatively higher
values of impact-parameters, under the inﬂuence of centrifugal po-
tential the driving input angular momenta exceeds its critical limit
(crit) for CF, where the attractive nuclear potential is no more
strong enough to capture entire projectile. As a result, no fusion
can occur unless a part of projectile is emitted to release excess
driving input angular momenta. As such, prompt emission of a
part of projectile (predominantly α-cluster in case of 16O and 12C
beams) takes place to provide sustainable input angular momenta
to the system. After such an emission, the remnant now has result-
ing input angular momenta less than or equal to its own critical
limit for fusion with the target nucleus [28,29]. Eventually, an in-
completely fused composite system (a part of projectile plus target
nucleus) appears with relatively less charge and mass than that of
CF population. Further, ICF is assumed to be associated with the
-values above the crit for CF. However, Tserruya et al. [30], ob-
served that there is no sharp limit of input angular momenta for
CF and ICF, both the processes are found to contribute signiﬁcantly
below and above their input angular momenta limits. Moreover,
Gerschel [31] suggested that the localization of -window also de-
pends on target deformation at energies  10 MeV/nucleon. In
case of deformed targets peripheral collisions are observed with
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gets, the -window is found to be centered around the -values
 0.5crit . However, the advances in the understanding of ICF dy-
namics took place after the particle–γ coincidence measurements
by Inamura et al. [32] and Zolonowski et al. [33]. In addition,
Geoffroy et al. [34], measured correlation of charged-particle(s)
energies and angles alongwith the γ -multiplicities, where ICF pro-
cesses have been observed to have originated from undamped pe-
ripheral collisions. Since then, ICF dynamics has been extensively
studied, nevertheless, no clear picture of underlying process in the
framework of driving input angular momenta has been drawn at
projectile energies ≈ 4–7 MeV/nucleon. Some outstanding features
of ICF dynamics that have emerged from literature are; (i) the CN
via ICF is expected to form with relatively less mass and charge
as compared to the total mass and charge of interacting partners
[35,36]; (ii) the recoil velocity of heavy reaction products is ex-
pected to be less than those populated via CF process [37,38];
(iii) the angular distribution of ejectiles show maxima at forward
angles, where α-particle(s) are emitted with a velocity centered
around the projectile velocity, termed as direct-α-particle(s) [7,16];
(iv) the spin-distribution and side-feeding pattern of evaporation
residues (ERs) have been found to be distinctly different for ICF
than that observed for CF [32,33]; and, (v) ICF has been observed
to be prominent for more mass asymmetric systems as compared
to mass symmetric systems [39–42].
With a view to describe the production of fast PLFs associated
with ICF dynamics, a variety of dynamical models, viz. Break-Up
Fusion (BUF) [43,44], SUMRULE [45], Promptly Emitted Particles
(PEPs) [46], Fermi-jet [47,48], Hot Spot [49], Moving-Source [50],
Exciton [51,52] models have been proposed. Apart from these,
Overlap model [2,53,54] and Multistep Direct Reaction theory [55]
have also been proposed, and Morgenstern et al. [39,56], corre-
lated the probability of ICF reactions to the entrance channel mass
asymmetry. It may, further, be pointed out that the aforementioned
models/theories, generally, have been used to ﬁt the experimental
data obtained at energies E/A  10.5 MeV or so. However, none of
the proposed models is able to ﬁt the experimental data obtained
at relatively low bombarding energies i.e., ≈ 4–7 MeV/nucleon. As
such, due to the unavailability of any reliable theoretical model
to explain the emission of fast PLFs associated with ICF at ener-
gies ≈ 4–7 MeV/nucleon, the study of ICF is still an active area of
investigations. Recently, signiﬁcant ICF contribution has been ob-
served even at energies just above the B fus [30,57–59], which has
become the motivation to study ICF dynamics at low bombarding
energies. Apart from that, Dracoulis et al. [61], Lane et al. [62], and
Mullins et al. [63] reported ICF as a promising route to produce
high spin states in ﬁnal reaction products using light HI beams
even at low bombarding energies, although a perfect modeling of
ICF processes is apart [60,62,63].
In order to ﬁgure out which bunch of driving input angu-
lar momenta is associated with a particular reaction channel, a
particle–γ coincidence experiment has been performed for 16O +
169Tm system at 5.6 MeV/nucleon at the Inter-University Accelera-
tor Center (IUAC), New Delhi, India. Spin-distributions of different
reaction products have been measured to probe entirely different
spin-populations corresponding to the CF and ICF dynamics [32].
The same projectile-target combination has been chosen for the
present measurement as in Ref. [57,65], where the information
about ICF contribution has been obtained by the analysis of ex-
citation functions and forward recoil ranges measurements. The
present work not only strengthens our earlier ﬁndings but also
provide additional qualitative information on the driving input an-
gular momenta in various reaction channels. In order to record
particle–γ coincidences, Gamma Detector Array (GDA) alongwith
Charged Particle Detector Array (CPDA) set-up has been used. The
GDA is an assembly of 12 Compton suppressed, high resolutionHPGe γ -spectrometers at angles 45◦ , 99◦ , 153◦ with respect to the
beam axis and there are 4 detectors at each of these angles. How-
ever, the CPDA is a set of 14-phoswich detectors housed in a 14-cm
diameter scattering chamber, covering nearly 90% of the total solid
angle. All 14 detectors of CPDA have been divided into the angular
rings; (i) Forward angle (F) 10◦–60◦ , (ii) Sideways (S) 60◦–120◦and
(iii) Backward angle (B) 120◦–170◦ . Depending on the fast and slow
components of the CPDA, proton and α-particles in each angu-
lar ring can be identiﬁed. Spectroscopically pure, self-supporting
169Tm (100%) target of thickness ≈ 0.93 mg/cm2 (prepared by
rolling technique) has been bombarded with 16O+7 (E ≈ 90 MeV)
beam delivered from 15UD–Pelletron Accelerator. In order to re-
move the scattered beam, CPDs have been covered by Al-absorbers
of appropriate thicknesses. At forward angles (F) 10◦–60◦ , the de-
tectors are supposed to detect both; (i) fusion–evaporation (CF)
α-particles of average energy, i.e., Eα (evaporation) ≈ 18 MeV, and
(ii) ICF ‘fast’ α-particles belonging to the same velocity as that
of incident projectile, i.e., 22.5 MeV. In order to cut-off fusion–
evaporation α-particles emitted in the forward cone, an additional
Al-absorber of appropriate thickness has been kept on forward
angle (F) 10◦–60◦ CPDs so that only ICF ‘fast’ α-particles (E 
18 MeV) may be detected in forward cone. In-beam prompt γ -
ray spectra have been recorded in multi parameter mode, which
includes different coincidences like; α and 2α detected in back-
ward, forward and 90◦ angles. Further, in order to identify the
xn-channels (produced predominantly via CF), singles data has also
been collected. Data analysis has been performed in two steps. In
ﬁrst step, the eﬃciency determination and gain matching of HPGe
detectors have been carried out by counting the radio-activity (be-
fore and/after the experiment) of standard γ -sources (152Eu and
133Ba) kept at target position. After proper gain-matching, differ-
ent coincidence conditions have been projected onto γ -spectra
to generate particle (Z = 1,2) gated spectra. In order to improve
the data statistics, assuming the angular distribution of the ob-
served γ -rays to be isotropic, all gated spectra for a particular
gating condition have been summed up. However, in the second
step, different reaction products expected to be populated via CF
and/or ICF have been identiﬁed from their characteristic γ -lines
from the gated and/or singles spectra. Several xn-channels (pre-
dominantly populated via CF) such as; 185−xnIr, have been identi-
ﬁed by looking into singles spectra. For the identiﬁcation of pxn-
channels, backward(B)-α-gated spectra has been subtracted from
backward(B)-particles(Z = 1,2)-gated spectra to achieve proton-
gated spectra. However, αxn/2αxn (CN-α)-channels produced via
CF have been identiﬁed from the backward(B)-α-gated spectra.
Further, as per the deﬁnition of ICF, the fast-α-particles (parti-
cles of the order or projectile velocity) are expected to be emitted
only in forward cone (F). As such, αxn/2αxn(Direct-α)-channels
produced via ICF have been identiﬁed from forward(F)-α-gated
spectra. The intensity and area under the photo-peak (eﬃciency
corrected) of the characteristic prompt γ -transitions assigned to
the particular reaction products were used to determine the rela-
tive production yield. The γ -ray energies and their intensities used
in the present work have been taken from RADWARE level scheme
directory [64]. In order to generate experimental spin-distributions
of various CF and ICF reaction products, relative production yields
have been plotted as a function of experimentally observed spin
( J expobs ) corresponding to prompt γ -transitions. For better compari-
son of different reaction channels (xn, αxn and 2αxn) in a panel,
relative production yields have been normalized with their own
highest experimentally measured values (Ymaxobs ) at lowest J
min
obs .
Further, as an analytical representation of data, the experimentally
measured spin-distributions obtained as mentioned above have
been ﬁtted by a function of following type [32]:
Y = Y◦
/[
1+ exp( J − J◦)/Δ
]
, (1)
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via xn (CF product) and αxn/2αxn (both CF and/or ICF products) in 16O + 169Tm
system at ≈ 5.6 MeV/nucleon. The nomenclature used in the plots indicate the
involved reaction dynamics i.e., ICF-α and ICF-2α means, involved reaction dynam-
ics is ICF with one α and 2α-multiplicity, respectively. While, CF-α indicates CF
with one α-multiplicity identiﬁed from backward α-gated spectra. The nomencla-
ture also shows that the exist channels are composed by the one given residual
nucleus, α-particle(s) (Malpha = 1–2), neutron(s) and/or proton(s). ‘F’ and ‘B’ rep-
resent the reaction products identiﬁed respectively from ‘Forward’ and ‘Backward’
α-gated spectra. The lines and curves through data points are the result of best ﬁt
procedure explained in the text.
where; Δ is related to the width of mean input angular momenta
( J◦) and Y◦ is the normalization constant. Here, J◦ is a sensitive
parameter, which provides the qualitative information about the
driving input angular momenta associated with various reaction
channels.
Experimentally measured spin-distributions for xn, αxn and
2αxn channels populated via CF and/or ICF are plotted in Figs. 1(a),
(b). The errors have not been shown in these ﬁgures and are esti-
mated to be  10%. Since the normalized yield (Ynor) at different
Jobs for a particular reaction product have been obtained as a ratio
of Ymaxobs at J
min
obs to Yobs at different Jobs values. As such, the frac-
tional errors signiﬁcantly reduced in the value of Ynor, it has been
checked that the inclusion of these reduced errors does not al-
ter the ﬁtting of spin-distribution, and hence the present analysis.
Different reaction channels have been labeled by self-explanatory
notations of corresponding emission cascade. It can be observed
from the Figs. 1(a), (b), there is a striking difference in the spin-
distributions for different reaction products expected to be popu-
lated via CF and ICF, which indicates the involvement of entirely
different reaction dynamics in the production of these reaction
products. As shown in these ﬁgures, the intensity of xn-channels
(predominantly populated via CF) falls off rather quickly with Jobs
or the intensity is increasing steeply towards the band head, in-
dicating strong feeding during the deexcitation of CN. However,
for αxn- and 2αxn-channels identiﬁed from forward(F)-α-gated
spectra (associated with ICF), the intensity appears to be almost
constant up to a certain value of observed spin, i.e., Jobs ≈ 10h¯ for
direct-α-emitting channels, and Jobs ≈ 12h¯ for direct-2α-emitting
channels. As such, on the basis of observed trends, it can be in-ferred that the intensity is not increasing towards band head after
≈ 10 and 12h¯ for direct-α/2α-emitting channels. These observa-
tions indicate the absence of feeding to the lowest members of the
‘yrast’ band and/or the population of low spin states are strongly
hindered in αxn and 2αxn channels (associated with ICF dynam-
ics). Moreover, for αxn and/or 2αxn-channels, it may be pointed
out that the intensity increases with Jobs upto J ≈ 10–12h¯, re-
spectively, indicating signiﬁcant feeding upto J ≈ 10–12h¯ from the
entry point. Further, in order to show entirely different observed
trends of spin-distributions for CF and ICF products, same ERs
populated via forward-α (ICF) and backward-α (CF) emitting chan-
nels (Re-isotopes) have been compared and plotted in Fig. 1(a). As
can be seen from this ﬁgure, the spin-distribution for 177Re iso-
tope identiﬁed from backward-α-gated spectra has been found to
be distinctly different than that observed from forward-α-gated
spectra, which again indicates the involvement of entirely differ-
ent reaction dynamics. The spin-distribution of 177Re (α4n) isotope
identiﬁed from backward-α-gated spectra shows the same trend
as has been observed for xn-channel (CF). Further, Fig. 1(b) shows
the spin-distributions of 172,177Hf isotopes identiﬁed from forward-
α-gated spectra, which are likely to reﬂect the similar character-
istics as that observed for direct-α-emitting channels. Although,
the dispute on this point has been discussed by Gerschel [31].
Further, in general, the spin at half yield i.e., the mean value of
input angular momenta ( J◦) is found to be ≈ 10h¯ for xn-channels,
while for direct-αxn and 2αxn-channels (ICF products) the value
of J◦ approaches to ≈ 13h¯ and ≈ 16h¯, respectively. It is interest-
ing to note that, the value of J◦ for α-emitting channels (177Re
isotope) identiﬁed from backward gated spectra is also found to
be ≈ 9–10h¯, which indicates involvement of signiﬁcantly less in-
put angular momenta as compared to 177Re isotope populated via
direct-α-emitting channels (≈ 13–14h¯). The smallness of J◦ indi-
cates the involvement of less input angular momenta in CF re-
actions as compared to ICF reactions. As such, the approximate
but quite useful essence which emerged from these measurements
about how the driving input angular momenta () increases with
the direct-α multiplicity, can be represented as:
(ICF–αxn) ≈ 1.3(CF–xn/αxn), (2)
(ICF–2αxn) ≈ 1.23(ICF–αxn) ≈ 1.6(CF–xn/αxn). (3)
It may, further, be pointed out that the multiplicity of direct-α-
particles in forward cone (ICF-α) increases with J◦ , indicates the
variation of -values (impact parameter dependent) even at energy
as low as 5.6 MeV/nucleon. As such, on the basis of aforemen-
tioned description, it may be inferred that the ICF occurs in the
peripheral interactions (at ﬁnite values of impact parameters).
In order to check the accuracy and self-consistency of presently
measured spin-distributions, an attempt has been made to esti-
mate relative production yield of each reaction product from spin-
distribution data. The experimentally measured relative yield of
individual reaction product has been extrapolated up to J = 0h¯,
and the yield value at J = 0h¯ (Y J=0) has been normalized with
the total yield (sum of all fusion–evaporation channels) to esti-
mate relative yield value of each reaction product. In the same
way the relative production yield of individual reaction products,
calculated using theoretical model code PACE4, have also been nor-
malized with the total yield of fusion–evaporation channels. The
ratio of experimentally measured and theoretically calculated rel-
ative yields (YEXP/YPACE4) for all fusion–evaporation channels has
been plotted in Fig. 2. As shown in this ﬁgure, both the experi-
mentally and theoretically calculated values agree reasonably well
within the experimental uncertainties, strengthening the measured
spin-distributions.
Further, as indicated in Figs. 1(a), (b), the intensity of ‘yrast’-
line transitions decreases gradually with high spin for CF, while,
P.P. Singh et al. / Physics Letters B 671 (2009) 20–24 23Fig. 2. The ratio of experimentally measured and theoretically estimated relative
production yield of residues populated only via CF in 16O + 169Tm system at ≈
5.6 MeV/nucleon.
Fig. 3. Deduced feeding intensities of gamma cascades of different ER’s expected
to be produced via; xn, αxn and/or 2αxn channels in 16O + 169Tm system at
≈ 5.6 MeV/nucleon. The lines and curves through data points are drawn to just
guide the eye.
in case of ICF the intensity remains almost constant up to a cer-
tain limiting spin value and decreases rapidly for transitions of
higher spin, indicating entirely different de-excitation patterns for
CF and ICF from entry states to the ‘yrast’ line. This implies a
rather smooth and broad feeding distribution for the ‘yrast’-states
in case of CF. However, for ICF channels this distribution must have
a ‘narrow window’ meaning thereby a well localized angular mo-
mentum region where a given projectile-like fragment is emitted
in contrast to the large window for the fusion reactions. As such,
in order to understand the feeding pattern in different reaction
channels associated with CF and/or ICF, the feeding intensity of
γ -population have been deduced from the experimentally mea-
sured spin-distributions of reaction products. The feeding intensity
for studied reaction channels have been plotted as a function ofJobs and are given in Figs. 3(a), (b). As shown in these ﬁgures,
the feeding intensity for forward gated αxn and 2αxn-channels
is found to be increasing upto J ≈ 14h¯ and J ≈ 17h¯, respectively
from the higher spin states (entry side), indicating that the high
spin states are strongly fed even in case of ICF channels. How-
ever, as the residual nucleus de-excites, the feeding intensity de-
creases gradually with available excitation energy and/or angular
momentum, which indicates the absence of feeding to the low-
est members of the ‘yrast’ band or the low spin states are less
populated in αxn and 2αxn-channels identiﬁed from forward-α-
gated spectra. Such feeding intensity pattern is expected to arise
from narrow -window, localized near and/or above to the critical
angular momentum for CF, that is associated with ICF. Further-
more, as shown in Figs. 3(a), (b), the feeding intensity is showing
sharp exponential rise towards low spin states for all xn-channels
(CF), indicating strong feeding. Apart from that, for better compar-
ison of forward and backward α-channels populated via ICF and
CF, respectively, the feeding intensity pattern for backward(B)-α-
channels alongwith forward(F)-α-channels have also been plotted
in Figs. 3(a), (b). As can be seen from this ﬁgure, feeding inten-
sity of αxn-channel identiﬁed from backward(B)-α-gated spectra
shows exponential rise towards lower spin states, as expected for
CF dynamics, where the band is fed over a broad spin range. Fur-
ther, the feeding intensity is found to be less in the production
of 177Re isotopes identiﬁed from backward(B)-α-gated spectra, as
compared to xn-channels. This difference may be because of the
fact that the neutron emission carry almost negligible angular mo-
mentum from CN, while, emission of an α-particle from CN takes
away signiﬁcant amount of angular momentum and excitation en-
ergy, which may not provide broad feeding range towards the band
head.
In conclusion of the present work, it may be inferred that the
experimentally measured spin-distributions of direct-α/2α-emit-
ting channels (ICF reaction products) identiﬁed from forward(F)-
α-gated spectra have been found to be distinctly different than
that observed for CF reaction products. The population of low
spin states are observed to be strongly hindered and/or less fed
in ICF reaction products, while signiﬁcant feeding has been ob-
served over the broad spin range in case of CF. It may, further,
be pointed out that, the value of mean input angular momentum
increases with direct-α multiplicity in forward cone, which indi-
cates the competition from successively opened ICF channels for
each -value above crit for normal fusion (CF) even at projectile
energy 5.6 MeV/nucleon. This conﬁrms the fact that ICF reactions
predominantly occur due to inﬂuence of centrifugal potential at
higher values of impact parameters, where only CF is expected to
be dominant. As such, it may not be out of place to mention that
the ICF is a natural extension of the fusion processes for those in-
teraction trajectories for which the limit of input angular momenta
do not allow CF. The extension of the present work at different en-
ergies would be interesting, and helpful for the reﬁnement of the
present ﬁndings. As such, it has been proposed to extend the above
measurements at different projectile energies to generate some
systematics and to compare the entry/exit state spin-populations,
which will be presented in the forthcoming paper(s).
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